Background: Numerous health policy organizations recommend lung cancer screening, but no consensus exists on the optimal policy. Moreover, the impact of the Lung CT screening reporting and data system guidelines to manage small pulmonary nodules of unknown significance (a.k.a. indeterminate nodules) on the cost-effectiveness of lung cancer screening is not well established. Methods: We assess the cost-effectiveness of 199 screening strategies that vary in terms of age and smoking eligibility criteria, using a microsimulation model. We simulate lung cancer-related events throughout the lifetime of US-representative current and former smokers. We conduct sensitivity analyses to test key model inputs and assumptions. Results: The cost-effectiveness efficiency frontier consists of both annual and biennial screening strategies. Current guidelines are not on the frontier. Assuming 4% disutility associated with indeterminate findings, biennial screening for smokers aged 50-70 years with at least 40 pack-years and less than 10 years since smoking cessation is the cost-effective strategy using $100 000 willingness-to-pay threshold yielding the highest health benefit. Among all health utilities, the costeffectiveness of screening is most sensitive to changes in the disutility of indeterminate findings. As the disutility of indeterminate findings decreases, screening eligibility criteria become less stringent and eventually annual screening for smokers aged 50-70 years with at least 30 pack-years and less than 10 years since smoking cessation is the cost-effective strategy yielding the highest health benefit. Conclusions: The disutility associated with indeterminate findings impacts the cost-effectiveness of lung cancer screening. Efforts to quantify and better understand the impact of indeterminate findings on the effectiveness and cost-effectiveness of lung cancer screening are warranted.
Lung cancer is the leading cause of cancer deaths in the United States (1) . The US Preventive Services Task Force (USPSTF) recommends lung cancer screening (LCS) with low-dose computed tomography (LDCT) for asymptomatic individuals at high risk for lung cancer (2) , based on the results of the National Lung Screening Trial (NLST) (3) . Numerous other health policy organizations, including the Centers for Medicare & Medicaid Services (CMS), endorse LCS; however, no consensus exists on the optimal screening policy (2, (4) (5) (6) (7) (8) .
A main challenge facing LCS is the management of positive screening findings of unknown significance (hereon referred to as "indeterminate findings"). Small, predominantly benign lung nodules regularly appear on lung computed tomography (CT) exams of current and former smokers (9, 10) . However, their malignancy probability, albeit low, necessitates further surveillance with serial CT to assess their clinical significance, thereby inducing anxiety and distress (11, 12) . To reduce the high falsepositive rates observed in the NLST (3) and standardize the diagnostic workup for indeterminate findings, the American College of Radiology developed the Lung CT screening reporting and data system (Lung-RADS), a standardized system for reporting and following up LDCT findings (13) . A retrospective analysis of Lung-RADS to the NLST reports statistically significant reduction in the false-positive rate of LCS (14) . However, Lung-RADS can introduce prolonged periods of uncertainty, thereby affecting individuals' quality of life.
Although cost-effectiveness analyses of LCS have been published (15) (16) (17) (18) (19) , these analyses do not consider the quality-of-life effects of lung cancer screening, nor the benefits and harms of Lung-RADS. Consequently, the net effect on quality of life incurred by patients with indeterminate findings and the impact of Lung-RADS on the effectiveness and cost-effectiveness of LCS are not known. In this study, we assess the cost-effectiveness of LCS after incorporating the Lung-RADS guidelines to manage indeterminate findings for the US population.
Methods
We compared the health benefits and costs associated with LCS using a validated microsimulation model, developed within the Cancer Intervention and Surveillance Modeling Network, previously used to inform the USPSTF recommendation for LCS (20, 21) . We evaluated screening outcomes on the general US population born in 1950 because it represents the current targeted population, similar to the USPSTF analysis (2, 20) . We tested the cost-effectiveness of LCS on males and females separately and derived population estimates by aggregating our sexspecific results, using the single payer/insurer perspective.
Lung Cancer Risk and Disease Progression
We estimated individual's annual risk of lung cancer incidence using a lung carcinogenesis model, which translates smoking duration and intensity to annual lung cancer risk (22) . We obtained US-representative smoking histories and smokingspecific other-causes mortalities using a validated smoking history generator (23, 24) . For every lung cancer case, we simulated sex-specific disease progression of various lung cancer subtypes (adenocarcinoma, squamous cell carcinoma, large-cell carcinoma, and small-cell carcinoma) using a published and tested natural history model of lung cancer (25) . As previously described, our microsimulation model was calibrated and validated on data from NLST and the Prostate, Lung, Colorectal, and Ovarian Cancer Screening trial and matched the observed sexspecific lung cancer US mortality and incidence rates for the 1950 birth cohort obtained from the US Surveillance, Epidemiology, and End Results program (26) ( Supplementary  Figure 1 , available online).
Screening Strategies
We superimposed the screening program of interest onto the natural history of the disease and simulated lung cancer-related events in the life history of 1 million men and women, separately. A simplified flowchart depicting the screening and diagnostic process is presented in Figure 1 . We assessed the costeffectiveness of annual and biennial screening strategies by varying the starting and stopping ages of screening between 50 and 65, and 70 and 80 years, respectively, with 5-year increments, and smoking exposure between 20, 30, and 40 packyears, and 10, 15, and 20 years since smoking cessation for former smokers. For brevity, we denote a screening strategy as "screening interval"-"age start screening"-"age stop screening"-"smoking pack-years"-"years since quit"; for example, the USPSTF strategy is denoted as A-55-80-30-15.
Lung-RADS Implementation
For this analysis, our microsimulation model was updated to incorporate the latest version of the Lung-RADS guidelines, which has been developed and optimized for annual LCS (13) . To mirror Lung-RADS for annual screening strategies, we considered a screening exam negative if assessed as Lung-RADS category 1 or 2; otherwise, the exam was considered positive. An individual with an indeterminate finding that was not assessed as lung cancer during follow-up returned to the general population and underwent screening while screen eligible. When investigating biennial strategies, we examined two different implementations of Lung-RADS: 1) original Lung-RADS and 2) modified Lung-RADS guidelines. In the latter, to address the higher lung cancer risk in individuals with indeterminate findings, we required at least two negative follow-up exams before an indeterminate case returned to biennial screening. A detailed description of our implementation of Lung-RADS is available in the Supplement (available online).
Also, we evaluated the counterfactual scenario whereby all indeterminate findings were assessed as Lung-RADS category 2 findings (hereon referred to as "Lung-RADS Category 2 Only" scenario). The rate of false-positive findings for the Lung-RADS Category 2 Only scenario was assumed to be negligible (27) . This scenario is analyzed solely for comparison purposes because it provides a reference point that allows us to estimate the overall effect of indeterminate findings by removing both the beneficial effects accrued from following-up indeterminate findings (ie, increase in life-years) and the harmful effects of indeterminate findings (ie, disutility-a metric quantifying the negative consequences associated with an eventand cost of follow-up).
Health Utilities
We relied on literature-derived utilities associated with health states and interventions considered in our analysis (Table 1 ) (15, 28) . We defined diagnostic utilization rates based on expert opinion (AL) and treatment utilization rates based on data from the NLST (Supplementary Table 1 , available online) (3). We assumed that lung cancer patients surviving more than five years after primary diagnosis with no further lung cancer events returned to normal health-state utilities.
Although several studies agree that the long-term effects of indeterminate findings are insignificant, they report differing impact on quality of life over the short-term (11, 12, (29) (30) (31) . For our base-case analysis, we compared two values for the shortterm disutility associated with indeterminate findings, specifically, 0% and 4%, as reported in the studies of Gareen et al. and van den Bergh et al., respectively (30, 12) . We assumed that the disutility persisted up to the first follow-up exam or death, whichever occurred first, and assumed to be negligible henceforth. For example, the 4% disutility associated with an indeterminate finding, when applied for 6 months, is equivalent to loss of approximately 7 days per individual per indeterminate finding.
Costs
Costs associated with screening and diagnostic procedures were obtained from the Medicare reimbursement rates (32) . Downstream treatment costs were allocated into three phases of care: initial (6 months from diagnosis), continuing (remaining life time between initial and terminal phases), and terminal (last 6 months of life). We obtained phase-specific cost estimates from related literature (33, 34) (Table 1) . We considered only direct medical costs related to screening and diagnostic LDCT exams, diagnostic workup, and treatment interventions, and omitted productivity and travel costs from our analysis. All costs were represented in 2018 US dollars.
Outcome Measures
Primary outcome measures included the incremental costeffectiveness ratio (ICER), gained quality-adjusted life-years (QALYs), and costs relative to no screening; all outcomes were discounted at a 3% annual rate. We applied the two commonly used willingness-to-pay (WTP) thresholds of $50 000 and $100 000 per QALY saved to determine whether an intervention is cost-effective (35) . Secondary outcome measures included lung cancer mortality reduction, rate of overdiagnosed cases (defined as the screen-detected cases that would not have been detected in the absence of screening), and number of falsepositive findings.
Sensitivity Analyses
We tested the robustness of our findings through univariate sensitivity analyses. We varied the models' input parameters within a range (620%, unless specified otherwise) around their base-case values ( Table 1 ). Considering the high prevalence of indeterminate findings, we performed univariate sensitivity analysis around the disutility of indeterminate findings ranging its value between 0% and 8% (11, 29, 30) . Also, we varied the false-positive rate of LCS (within 650%) around the base-case value, based on the observed rates reported in the American College of Radiology Lung Cancer Screening Registry (36) . Given the lack of empirical evidence around the false-positive rate in biennial strategies, we examined the cost-effectiveness of biennial screening strategies varying their false-positive rate (620%) around their base-case value while keeping the false-positive rate for annual strategies fixed.
Results
We assessed the cost-effectiveness of 100 annual and 99 biennial (each under two Lung-RADS implementations) clinically relevant screening strategies. We followed individuals for their entire lifetime after excluding patients diagnosed with lung cancer before age 50 years.
Base-Case Analysis
With no disutility associated with indeterminate findings, the cost-effectiveness efficiency frontier was comprised of six annual and four biennial strategies ( Figure 2A , Table 2 ). Using a WTP threshold of $100 000/QALY, all biennial and two annual strategies of the frontier were cost-effective relative to the strategy preceding them on the frontier. The most effective (ie, highest health benefit) cost-effective strategy was annual screening for smokers aged 50-70 years, with at least 30 pack-years and no more than 10 years since smoking cessation for former smokers, denoted A-50-70-30-10. It screened 21% of the US population, yielded 6% lung cancer-specific mortality reduction, and produced 2.8 million screening exams per 1 million individuals from the general population. Among the screening exams, 6% were positive, among which 94% were indeterminate findings and 92% were false-positive findings. Furthermore, 3% of the true-positive findings were overdiagnosed cases. The main cost driver for the A-50-70-30-10 strategy was the downstream treatment (53% of the total cost), followed by the cost of terminal care (34%), cost of detection (13%), and cost of shared decision making (<1%). With a 4% disutility associated with indeterminate findings, the cost-effectiveness efficiency frontier was comprised of three annual and six biennial strategies ( Figure 2B , Table 2 ). However, only biennial strategies were cost-effective using a $100 000 WTP threshold: biennial screening for smokers aged 50-70 years, with at least 40 pack-years and less than 10 years since quit, denoted B-50-70-40-10, coupled with the original Lung-RADS guidelines, yielded the highest health benefit among the cost-effective strategies of the efficiency frontier. The B-50-70-40-10 strategy screened 14% of the population, resulted in 3% lung cancer-specific mortality reduction, and resulted in 920 000 screening exams per 1 million individuals from the general population.
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Stage-Specific Treatment
The CMS and USPSTF guidelines were not on the efficiency frontier. The CMS and USPSTF strategies screened approximately 20% of the US population and yielded 8% and 9% lung cancer-specific mortality reduction, respectively. For the CMS and USPSTF guidelines, among all screens, 6% were positive and among all-positive screens, 92% were indeterminate cases, 89% were false-positive, and 5% of the screen-detected lung cancer cases were overdiagnosed. Interestingly, when we assumed no disutility associated with indeterminate findings, the CMS and USPSTF strategies were strongly dominated by other strategies included in our analysis. For higher levels of the disutility associated with indeterminate findings, current guidelines were not strongly dominated by other strategies, but were not costeffective relative to no screening (Table 3) .
When the health benefit accrued from LCS was based on unadjusted life-years, annual screening was cost-effective under $100 000 WTP threshold with notable reduction in the ICERs and less stringent eligibility criteria ( Supplementary Figure 2 , Supplementary Table 2 , available online). Incremental costeffectiveness analyses stratified by sex showed that LCS was more cost-effective in women compared to men ( Supplementary Figure 3 , Supplementary Tables 3-4 , available online).
Effect of the Disutility Associated with Indeterminate Findings
We compared the efficiency frontiers for a range of values for the disutility of indeterminate findings (0%, 1%, 2%, 4%, 6%, 8%) and found that they differed substantially ( Figure 3A ; Supplementary Figure 4 , Supplementary Table 5 , available online). When the disutility of indeterminate findings were less than or equal to 1%, biennial screening was the cost-effective strategy with the highest health benefit under $50 000 per QALY WTP threshold, whereas, for the $100 000 per QALY WTP threshold, annual screening was the cost-effective strategy with the highest health benefit. As the disutility of indeterminate findings increased above 2%, the cost-effective strategy, regardless of the WTP threshold used, with the highest health benefit was based on biennial screening. Interestingly, the Lung-RADS Category 2 Only analysis produced an efficiency frontier that was comparable to the frontier with 2% disutility for indeterminate findings, although the strategies on the cost-effectiveness frontiers varied (see Figure 3A caption). Figure 3B presents the percentage change in health benefit under different disutility levels associated with indeterminate findings, relative to our base-case disutility value of 4%, for the base-case efficient strategies. Comparing our base-case's efficient strategies with their counterpart using Lung-RADS Category 2 Only, we found that the health benefit accrued from biennial screening strategies reduced, whereas for annual screening strategies, it increased relative to our base-case analysis.
Also, we examined the effect of indeterminate findings when the false-positive rate associated with screening was plus or minus 50% around our base-case value (Supplementary Figure 5A , Supplementary Table 6 , available online). The falsepositive rate did not have a large effect on the costeffectiveness efficiency frontier when the disutility of indeterminate findings was 0%. In contrast, when the disutility of indeterminate findings were 4%, the false-positive rate affected the efficiency frontier. In particular, when we increased the falsepositive rate by 50%, the eligibility criteria for the cost-effective strategies were more stringent than the efficient strategies obtained from the base-case analysis, whereas when we reduced the false-positive rate by 50%, LCS eligibility criteria relaxed.
Sensitivity Analyses of ICER to Input Parameters
We assessed the sensitivity of the ICERs, relative to no screening, to changes in input parameters for the most effective costeffective strategies from our base-case analyses, namely, A-50-70-30-10 and B-50-70-40-10 strategies (Figure 4 ). The parameters that affected the ICER of the A-50-70-30-10 strategy, from most to least influential, were the disutility of indeterminate findings, the discounting factor, and the utility of screen-detected early stage lung cancer. The ICER of the B-50-70-40-10 strategy was most sensitive to the discounting factor, the utility of screen-detected early-stage lung cancer, and the disutility of indeterminate findings. Sensitivity analyses on the CMS and USPSTF guidelines are presented in Supplementary Figure 6 (available online). When we assumed 20% higher false-positive rates for the biennial screening strategies relative to the annual strategies, annual screening for smokers aged 55-70 years, with at least 40 pack-years and no more than 10 years since smoking cessation was the cost-effective screening strategy yielding the highest health benefit in our analysis using 4% disutility associated with indeterminate findings ( Supplementary Figure 5B , Supplementary Table 7 , available online). The false-positive rate for the biennial screening strategies had very little effect on the results of our analysis assuming no disutility associated with indeterminate findings.
Discussion
We evaluated the cost-effectiveness of alternative LCS strategies that incorporate the Lung-RADS guidelines for the management of indeterminate findings. We show that LCS is costeffective, but existing guidelines are not optimal in terms of cost-effectiveness. Interestingly, among all health utilities, the cost-effectiveness of LCS is most sensitive to the disutility of indeterminate findings.
Even though long-term disutility effects associated with indeterminate findings are reported as negligible (29) , our findings demonstrate that the short-term disutility affects the costeffectiveness of screening. Because the duration of these effects is not well established (12), we took a conservative approach and applied the disutility of indeterminate findings only until the first follow-up examination. Even so, as the disutility of indeterminate findings increases, screening eligibility criteria for the cost-effective strategies become more stringent. We show that if the disutility of indeterminate findings is about 2% (equivalent to loss of approximately 4 days per indeterminate finding), the net health benefit incurred from the diagnostic management per Lung-RADS is comparable to the decrement in QALYs because of the negative effects associated with indeterminate findings.
CMS requires patient-physician communication regarding the benefits and harms of LCS as part of a shared decisionmaking process for screening (7) , but this can offer little comfort upon an indeterminate finding. Our findings suggest that reducing the false-positive rate of LCS and/or shortening the duration of the effects following an indeterminate finding would enhance the cost-effectiveness of LCS. The alternative disutility levels associated with indeterminate findings allow us to infer the impact of the duration of its effects; for example, 2% disutility up to the first negative follow-up exam provides a good approximation to the scenario where 4% disutility is applied for half as long. Hence, an adjunctive diagnostic biomarker to LCS could enhance the effectiveness of screening by reducing the false-positive rates and by shortening the duration of the disutility associated with indeterminate findings. However, an analysis that considers the benefits and harms of LCS when combined with an adjunctive diagnostic biomarker would be needed to assess overall effectiveness of such a strategy.
Recent findings from the European NELSON trial demonstrate impressive mortality reduction benefit from LCS for individuals with even lighter smoking exposure than the NLST and show clinically important differences between men and women (37) . Based on our findings, a population-wide LCS policy (either annual or biennial) similar to the NELSON's eligibility criteria (ie, smokers aged 50-75 years, with at least 15 or 10 cigarettes per day for more than 25 and 30 years, respectively, and no more than 10 years since smoking cessation) would be on the cost-effectiveness efficiency frontier if the disutility associated with indeterminate findings is small. Our sex-specific analyses demonstrate that screening is more cost-effective among women, consistent with previous findings (18, 38) . Beyond the screening eligibility criteria, the disutility of indeterminate findings has implications on the frequency of screening. By including utilities, we found that annual strategies are not cost-effective when the disutility associated with indeterminate findings is at least 2%. Our findings suggest that if the disutility of indeterminate findings is relatively high, then the reduction in harms associated with indeterminate findings in biennial screening outweigh the reduction in the number of lung cancer deaths avoided, a finding that supports existing literature proposing that biennial screening may be more cost-effective (39, 40) . On the contrary, the analysis of ten Haaf et al. reported that biennial screening strategies are dominated by annual strategies, but it was optimized for Ontario, Canada (not the United States), did not incorporate Lung-RADS, and the health benefit was not adjusted for the quality of life (41) .
LCS uptake remains extremely low [estimated at 2-4% (42)]. It is reported that the main reasons for the low uptake of LCS is the lack of knowledge regarding the benefits and costs associated with LCS. We show that LCS is cost-effective; however, it is sensitive to the disutility associated with indeterminate findings, which warrants further evaluation. Our findings can be used to guide decision makers and educate primary care physicians about the value of LCS.
Our analysis has several limitations. First, we assume perfect adherence to the screening program, thereby overestimating the costs and benefits of screening. The effect of imperfect adherence on the health benefits of LC screening is studied elsewhere (43). Second, we limit our analysis to a single birth cohort. Third, our analysis does not consider implications introduced into the screening process by comorbidity status of the population at risk. Fourth, our analysis is limited by the natural history model, which models solely solid tumors, ignoring progression for nodules with ground-glass opacity observed in CT screening (25) . However, it is reported that the majority of ground-glass opacity nodules demonstrate an indolent clinical course (44, 45) . cessation) (17, 46) were not considered in our analysis, thus underestimating the health benefit accrued from screening.
Our findings provide evidence that LCS is cost-effective even when the health benefit is adjusted for quality of life. The disutility of indeterminate findings affects the cost-effectiveness of LCS, favoring biennial screening when this disutility increases; hence, the effects of this disutility should be considered when optimizing LCS strategies.
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